Abstract
Introduction

25
Many bacteria switch to a non-motile lifestyle in stationary phase to conserve energy (Adler and  26 Templeton, 1967), but how this switch is accomplished is poorly understood. The most widespread 27 motility device used by bacteria is the flagellum, found in approximately two thirds of bacteria (Chen 28 et al., 2011) . Bacterial flagellar filaments are helical propellers that extend multiple microns from the 29 cell from a periplasm-spanning rotary motor. Motor torque is generated by harnessing ion flux 30 across the inner membrane; torque is transmitted to a periplasm-spanning rod to the extracellular 31 filament. The rod exits the cell through dedicated P-and L-rings that act as channels through the 32 peptidoglycan layer and outer membrane, respectively. When rotated, the filament acts as a 33
propeller that exerts thrust for propulsion of the bacterium. Although the flagellum is vital for 34 migration to favourable environments, sites of biofilm formation, or sites of infection, however, it is 35 counterproductive for the cell to retain a functional flagellum during nutrient depletion, and 36 stopping motility is preferable to resource exhaustion. 37
Methods for deactivation of flagella in environments other than nutrient depletion are diverse 38 across those bacteria studied to date. Rhodobacter sphaeroides has a unidirectional flagellum that is 39 stopped by a "molecular brake" for navigation (Pilizota et al., 2009) while Bacillus subtilis uses a 40 "molecular clutch" to stop flagellum rotation and swimming for biofilm formation (Blair et al., 2008) . 41
The α-proteobacterium Caulobacter crescentus, meanwhile, actively ejects its single, polar flagellum 42 upon surface sensing (Ellison et al., 2017; Hug et al., 2017) in order to build an adhesive stalk for 43 surface adhesion. 44
Little is currently known about how the widespread polar-flagellated γ-proteobacteria modulate 45 motility. This group includes a diverse set of pathogens occupying both sessile and planktonic niches, 46 including human pathogens Vibrio cholerae and Plesiomonas shigelloides, opportunistic pathogens 47
Results
67
γ-proteobacterial motility slows as cell density increases
68
While tracking the swimming speeds of γ-proteobacterium Plesiomonas shigelloides, we noticed that 69 bacteria with multiple sodium-driven polar flagella showed a significant decrease in swimming speed 70 at high cell densities (Fig. 1a) . Video tracking of individual bacterial cells revealed that P. shigelloides 71 swam at 40 μm s -1 between OD 0.2 and OD ~0.7 before swimming speeds sharply dropped at OD 0.8, 72
down to 12 μm s -1 at OD 1.0. Furthermore, the percentage of active swimmers dropped from over 73 95% at low OD values to approximately 5% by OD 1.0. Another γ-proteobacterium, Vibrio fischeri, 74 displayed the same characteristic behavior (Fig. 1a) . Strikingly, however, the model enteric 75 bacterium Salmonella enterica subsp. enterica serovar Typhimurium (Salmonella) that uses a 76 different family of flagellar motors continued swimming as well as, if not faster than, Salmonella 77 cells at OD 0.2 when cultured to higher cell densities (Fig. 1a) . 78 Decreased swimming speed is due to loss of flagella
79
In the course of a previous study (Beeby et al., 2016) we noted that flagellation levels in γ-80 proteobacteria are highest at low cell optical densities. To determine whether the decrease in 81 swimming speed of γ-proteobacteria was due to differences in flagellation levels at different cell 82 densities, flagella were counted in negative stain EM images of cells to assess flagellation levels (Fig.  83 1b). Time-courses of both P. shigelloides and V. fischeri cells at increasing cell-densities showed 84 decreasing numbers of flagella per cell (Figure 1b and c) and cells grown overnight into late 85 stationary phase had no flagella. Salmonella, in contrast, had increasing or stable numbers of flagella 86 at higher cell densities. 87
We sought to distinguish whether solely flagella synthesis is down-regulated, or whether flagella are 88 also actively disassembled in γ-proteobacteria at high cell densities. Plotting the absolute number of 89 flagella in the entire population suggested that flagella are being ejected. The number of cells in a 90 population was determined by calculating colony forming units (CFU) and relating this to the mean 91 number of flagella per cell as counted by EM (Fig. 1d) . The absolute number of flagella in the P. 92 shigelloides and V. fischeri populations declined overtime, demonstrating that bacteria are losing 93 flagella faster than they are synthesizing them (Fig. 1d) . The Salmonella positive control, in contrast, 94
shows an increase in the absolute number of flagella in the population in direct correlation with CFU 95 count, as assembly continues and no ejection occurs at higher cell densities. 96
Used γ-proteobacterial growth medium contains free flagella with hooks at one end
97
To confirm that flagella are being ejected, we determined whether supernatant of P. shigelloides 98 cells grown to stationary phase contains released flagella. PEG precipitation revealed that P. 99 shigelloides growth medium indeed contained free flagella (Fig. 1e) . Curiously, 50% of all flagella 100 ends had an attached hook, leading us to infer -given that hooks are only present at the proximal 101 end of all flagella, i.e., 50% of ends -that effectively all isolated P. shigelloides flagella have attached 102 hooks, consistent with ejected flagella from Caulobacter crescentus (Kanbe et al., 2005) . Flagellar 103 filaments were also recovered from the supernatant of a Salmonella control (Fig. 1f) , but no hooks 104 were observed of 70 randomly imaged Salmonella filament ends. 105
Shed hook-filament structures accumulate in P. shigelloides supernatant
106
To verify that Salmonella filaments are sheared mid-filament but P. shigelloides filaments are 107 cleaved at the base of the hook, flagella were recovered from cell cultures and analysed by SDS-108 PAGE. Cells grown to high OD were removed by pelleting, and flagella recovered from the remaining 109 supernatant by PEG precipitation before SDS-PAGE analysis. Similar samples were collected from 110 Salmonella cultures and volumes adjusted to match P. shigelloides cell count. The Plesiomonas 111 supernatant had significant bands at molecular weights corresponding to both the polar flagellin 112 (FliC) and hook (FlgE), and a very faint band at the expected size of the distal rod (FlgG). The 113 Salmonella supernatant contained a weaker flagellin band, and no band at the molecular weight 114 corresponding to the Salmonella hook (FlgE) (Fig. 1g) . This confirms that Plesiomonas cells 115 consistently lose their flagella at the base of the hook, while Salmonella flagella accumulation in thesupernatant is due to shearing mid-filament. We conclude that this consistent behavior in response 117 to a specific environment, i.e., high cell densities, is best explained by an ejection mechanism. 118 Apparent flagellar relics remain at the cell pole at high OD
119
The hypothesis that γ-proteobacteria eject their flagella led us to speculate that a partial flagellar 120 motor structure would remain after ejection of the filament and hook. Cryo-electron tomograms 121
were collected of P. shigelloides cells grown to either low or high cell density and inspected. 122 Consistent with our hypothesis, partial flagellar structures were seen to remain at the pole of cells 123 from high OD cultures with fewer in cells from low OD cultures. Our swimming speed and flagellar 124 ejection results lead us to conclude that these structures are likely to be the "relics" of once fully-125 functioning flagella that were subsequently ejected in high OD cultures, leaving only the outer 126 membrane rings (the P-, L-, H-and T-rings and the basal disk) assembled (substantiated further by a 127 subtomogram average structure described below). The P-and L-rings, which are integral parts of the 128 relic structure, have been shown to require a rod and chaperone for assembly, incapable of 129 assembling in the absence of an assembled rod (Kubori et al., 1992) . 130
The two datasets demonstrated that relics are enriched at high OD and therefore correlate with 131 flagellar ejection (Table 1) . When cells were cryo-preserved at OD 0.25, 43% of cell poles had 132 exclusively intact flagella while 48% had both intact flagella and relics, and 9% had no structures. The 133 average number of full flagella per pole was 5.5 and, if the cells had relics, the average number was 134 2. When cells were frozen at OD 1.0, however, none of the cells had exclusively intact flagella, 36% 135 had both relics and intact flagella, 12% had exclusively relics, and 52% had none of either structure. species, similar relic structures in the outer membrane of the poles was seen alongside intact flagella 146 (Fig. 2a) . This is particularly notable in V. cholera given that this species characteristically only ever 147 has one flagellar motor at the pole. In one tomogram we observed four relics alongside an intact 148 flagellum in V. cholerae. Alongside relics and intact flagella, multiple assembly precursor states were captured in our cryo-160 tomograms (Fig. 2d) . Early precursor structures include fully-formed C-rings and rods but lack P-and 161 L-ring-based outer membrane disks and external structures. However, by far the most common 162 structures where fully formed flagella and relic structures. 163
Subtomogram averaging reveals a novel protein density as a putative plug preventing 164 periplasmic leakage
165
To better understand the relationship of relics to intact motors, subtomogram averaging of both was 166 performed for the P. shigelloides structures (Fig. 2e-h ). Clear 13-fold symmetry was observed in the 167 stator complexes and MotXY ring of the full motor (Fig. S2) , consistent with previous studies (Beeby 168 et al., 2016; Zhu et al., 2017a). The relic structure closely resembled the outer membrane flagellar 169 structure, indicating that the relic is composed of the same proteins as the outer membrane-170 associated structures from the flagellar motor. In both structures the distance between the MotXY 171 ring (T-ring) and the outer membrane was 19 nm and the diameter of the MotXY ring was 44 nm. In 172 the motor, the diameter of the hole in the outer membrane that the rod exits was 15 nm, the same 173 as the 15 nm hole in the relic outer membrane that is held open by the L-ring despite lack of rod. We 174 conclude that these structures are composed from the same proteins, with the inner membrane 175 components, rod, and hook absent from the relic structure. 176
Notably, an extra density in the relic structure plugged the P-ring aperture usually occupied by the 177 trans-periplasmic rod. From our observations, this novel plug density appears to be an obligate partof the relic, as no relics were observed lacking a plug, consistent with the need to prevent 179 periplasmic leakage upon filament ejection. Relics from both sheathed and unsheathed bacteria 180 contained the plug protein regardless of the sealing of the outer membrane in the sheathed flagella. 181
Both intact flagella and relics follow the same, non-random, placement pattern
182
We observed that intact flagella and relics appear spaced on a grid at cell poles, suggesting that 183 placement is not random and that both structures share a common grid. The nearest neighbour 184 distances for all intact flagella and relics were determined and found to be on average 64nm, ~20 185 nm greater than would be expected if distances were constrained by steric clashes of ~45nm-186 diameter C-rings. To assess whether the placement of both relics and intact flagella is the same, 187 suggesting a common mechanism for placement, histograms were plotted for all distances to 188 nearest neighbours of relics, intact flagella, and random data (figure 3b). The relics and intact flagella 189 shared identical curves, with a much tighter distribution than the randomized dataset, consistent 190 with a common placement mechanism. shown to be gridded with a Clark-Evans ratio greater than 1 (Guttenplan et al., 2013) . 201
Relics are no longer tethered to the inner membrane To determine whether relics are connected to the inner membrane, the distance between the inner 208 membrane and outer membrane disk was measured in intact flagella and relics. The range in 209 periplasmic distances varied in both cases, as was expected from previous work in the V. 210 alginolyticus motor (Zhu et al., 2017b) . The variation in membrane spacing at the position of relics 211 was far greater than at the motors (13.9nm and 7.9nm range respectively) suggesting no retaining 212 connection between the relic and the inner membrane (figure 3c). As relics are placed in a grid with 213 the intact flagella, this provides evidence that these structures were placed prior to flagellar 214
ejection. 215
Ejection is triggered by the depletion of nutrients and not a chemical signal To assess whether the signal in the supernatant is a chemical secreted by high OD cells or depletion 228 of a medium component, P. shigelloides cells were grown to low OD and transferred to spent 229 supernatant from Salmonella grown to stationary phase. Intact flagella were counted after one 230 doubling (Fig. 4c) . As with P. shigelloides spent media, within one cell division in Salmonella spent 231 media, P. shigelloides cells had lost multiple flagella (mean number of flagella went from 6 to 2). 232
To further confirm that the signal is a depletion of nutrients, we moved low OD cells from LB into 233 MOPS minimal media (Fig. 4d) . Cells stopped swimming within an hour and within one doubling time 234 the cells had lost most of their flagella as counted by negative stain electron microscopy, with a drop 235 in mean number of flagella from 6 to 1. This suggests that a lack of nutrients is the signal for ejection 236 of flagella and entry into a non-motile state. 237
Cyclic di-GMP abolishes motility but does not trigger flagellar ejection
238
In many bacteria, the transition from motile to sessile states is mediated by concentration changes 239 of the intracellular second messenger cyclic di-GMP (cdG) . To determine whetherflagellar ejection is mediated by cdG signaling, we overexpressed the cdG-synthesising diguanylate-241 cyclase, VdcA, from V. cholerae in P. shigelloides cells and monitored motility and flagellar number. 242
As expected, motility was abolished in P. shigelloides cells overexpressing VdcA but not in WT cells 243 harbouring an empty vector and grown under similar conditions (Fig. 4e) . Surprisingly, however, 244 when we counted flagella on cells induced to overexpress VdcA we saw no decrease in number of 245 flagella (Fig. 4f) . This result demonstrates that flagellar ejection in γ-proteobacteria is not under cdG 246 control. 247
Discussion
248
Here we describe a new mechanism of switching from motile to non-motile states in the polarly 249 flagellelated γ-proteobacteria. To achieve this, we used electron microscopy to analyse the 250 structural changes in species that showed characteristic decreases in swimming speeds at high cell 251 density. We found that these bacteria respond to nutrient depletion by shifting from motile to non-252 motile state by ejecting their flagellar hook and filament into the supernatant. Using ECT we showed 253 that the relics of these ejected flagella are retained by the cell and remain at old cell poles. Sub-254
tomogram averaging provided a clear view of the relics that were plugged by a novel protein likely to 255 protect against periplasmic leakage. We further showed that plugged relics are found in all of the 256 polarly flagellated γ-proteobacterial species imaged to date: Plesiomonas shigelloides, Vibrio 257 cholerae, Vibrio fischeri, Shewanella putrefaciens, and Pseudomonas aeruginosa. 258
The outer membrane structure is a flagellar relic, not an assembly precursor MotY are interspersed with flagellar rod and hook genes in the γ-proteobacterial operon structure 290 (Fig. 5a) . The selective production of exclusively these proteins without the many class-II flagellar 291 proteins is highly improbable. 292
Use of a plug protein indicates a specific cellular response 293 A striking feature of relics is the addition of a "plug" filling the space usually occupied by the distal 294 rod. A targeted response to the ejection of the flagellum in the form of a plug is significant, as this 295 plug may prevent leakage of cellular components. Plug placement is likely rapid, as we observed no 296 relics lacking the plug density. The alternative strategy to prevent periplasmic leakage would be 297 disassembly of the entire relic structure and resealing of the outer membrane, requiring evolution of 298 an intricate machinery for proteolysis of all components. Evolution is a tinkerer (Jacob, 1977) , and 299 plugging the hole is a more trivial solution than orchestrated disassembly, particularly given that 300 retaining the relic structures is unlikely to be detrimental to the cell. 301
What is the identity of the novel plug protein? Using a bioinformatics approach we identified 302 putative plug proteins from a collection of 309 transcripts upregulated at high cell density (Meng et association. In addition, Q87PM6 was experimentally shown to interact with putative OtnA and TolR. 317
We speculate, therefore, that Q87PM6 forms part of the γ-proteobacteria relic plug, and will test 318 this hypothesis in future studies. 
Mechanism of flagellar ejection
327
Our study does not identify the mechanism of flagellar ejection. Nevertheless, the results indicate 328 that the trigger for ejection is nutrient depletion, which, together with identification of a plug 329 protein, argues against the mechanism being mechanical breakage at the base of the hook. Indeed, 330
we routinely monitor γ-proteobacterial motility in more viscous media, which would put more strain 331 on the motor, yet do not observe abolished swimming motility resulting in viscosity changes. In C. 332 crescentus, the protease ClpAP is associated with degradation of FliF at the time of flagellar ejection, 333 although it is unclear whether this is causal, or caused by, ejection (Ardissone and Viollier, 2015) . To 334 identify proteins involved in the γ-proteobacterial ejection process a test will be to identify ejection 335 suppressors that retain the ability to swim upon transfer to minimal medium. These suppressormutations will enable identification of proteins directly involved in ejection, or signaling 337
components. 338
The selective benefit of flagellar ejection Model for assembly and ejection of the sodium-driven polar flagellum
359
Our results enable interpretation of the multiple states of the flagellum caught in tomograms (Fig.  360 2d) we propose a model for the steps of assembly and ejection of the polar γ-proteobacterial 361 flagellum (Fig. 5b) . After assembly of the MS-ring, C-ring and T3SS, the rod is assembled. Recent 362 work in Salmonella showed that polymerization of the rod is stopped by hitting into the outer 363 membrane (Cohen et al., 2017) . In sub-tomograms of this stage, the rod appears to be hitting the 364 outer membrane perpendicular and pushing on it forming a bulge in the outer membrane. We 365 believe that the same mechanism for stopping rod polymerisation in the enteric motors is found in 366 polar flagellar motors. Once the P-and L-rings form around the rod, FlgO, FlgP, FlgT, MotX and MotY 367 can assemble on this platform, and the hook and filament can be assembled through the channel in 368 the outer membrane formed by the L-ring. Upon nutrient depletion, however, the filament, hook 369 and distal rod are released and a plug protein fills in the leftover gap. The inner membrane and C-370 ring components are finally cleared away. The ejection of flagella in nutrient depleted environments 371 and subsequent rebuilding when exposed to fresh nutrients is a novel mechanism for the transition 372 between a planktonic and a sessile state shown here to be widespread amongst the sodium-driven 373 polar flagellated γ-proteobacteria. 374
Methods
375
Cell Growth Vibrio cholerae N16961 was grown in LB for 18h, harvested by centrifugation and washed twice with 384 sterile filtered and autoclaved environmental sea water before introduced into a 50ml sea water 385 microcosm at an OD 600 =2.5. Microcosms were kept at low agitation at 4°C for one month prior to 386
imaging. 387
Pseudomonas aeruginosa PAOI persister cells were obtained from overnight stationary phase culture 388 treated with Carbonyl cyanide m-chlorophenylhydrazone (CCCP) 200 μg/mL for 3h in LB, followed by 389 exposure to Ciprofloxacin 5 μg/mL for 3h in sodium-phosphate buffer (10 mM, pH 7.4) as described 390 previously (Grassi et al., 2017) . UCSFtomo software, all tilt series were collected using a bidirectional tilt scheme of +-53 degrees (V. 446 cholerae) and of +-60 degrees (P. aeruginosa), respectively. Defocus was set to -8 µm. 447
The P. shigelloides data-set for subtomogram averages were collected at the Francis Crick Institute 448 on a Titan Krios operating at 300 kV with a post-column GIF using a 20eV slit and a Gatan K2 summit 449 (Gatan, Pleasanton, CA) collecting 4 frames per exposure. A pixel size of 2.713 Å with a total fluence 450 of 54e/A2 and a defocus range between -3 and -5.5µm was used. The bi-directional tilt series was 451 collected using FEI's Tomo4 (Thermo Fisher Scientific (formerly FEI), Hillsboro, OR, USA) with a tilt 452 range of +-53 degrees and a tilt-increment of 3 degrees. 453
Tomogram reconstruction 454 For the P. shigelloides dataset, Frames were aligned using UnBlur (Grant and Grigorieff, 2015) . 455
Tomoctf (Fernández et al., 2006 ) was used to estimate CTF-parameters (tomoctffind) and correct 456 stacks (ctfcorrectstack). Fiducials were picked from CTF-corrected stacks and tracked in IMOD 457 (Kremer et al., 1996; Mastronarde, 1997) . The aligned, CTF-corrected stacks and fiducial models 458 were used with Tomo3d to reconstruct using SIRT (Agulleiro and Fernandez, 2011, 2015) . 459
For V. fischeri and S. putrificiens Tomograms were reconstructed using RAPTOR (Amat et al., 460 2008).
461
For V. cholera and P.aeruginosa, drift correction, fiducial-tracking based tilt series alignment of 462 tomograms were done using software package IMOD (Kremer et al., 1996; Mastronarde, 1997) . 463
Tomograms were reconstructed using SIRT with iteration number set to 4. 464
Subtomogram Averaging
465
Subtomograms were picked manually. Template-free alignment was carried out in PEET by 466 superimposing all manually picked subtomograms allowing no shifts or rotations for an initial 467 reference. Initial alignment and averaging was achieved using binned subtomograms. Unbinned 468 subtomograms were used for further refinement. As the rod length varied in the full motor, sub-469 tomogram averaging was carried out twice with custom masks applied to either the top ringstructures or the cytoplasmic structures. As clear 13-fold symmetry was observed in the full motor 471 ( fig. S2 ), 13-fold rotational averaging was applied using custom scripts. The two individual averages 472 for the top and bottom segments were then merged into a composite structure as in (Beeby et al., 473 2016) . For comparisons, 13-fold rotational averaging was applied to the relic structure. FSC curves 474 were determined from the final, unsymmetrised averages using PEET's calcFSC ( fig. S2) . 475
Segmentation
476
Semi-automatic segmentation of the membranes was performed in IMOD using the Sculpt drawing 477 tool followed by the linear interpolator. 478
Periplasmic distance measurements
479
Contours were drawn between the inner membrane and the first ring of the outer membrane disks 480 using 3dMOD (IMOD package) and distances were measured. 481
Clark-Evans distribution analysis
482
Clark-Evans ratios were calculated per cell with more than four flagella (N=71) (Clark and Evans, 483 1954) . To calculate the Clark-Evans distribution, the mean nearest neighbour distance was divided 484 by half the square root of the mean cell pole density. The mean nearest neighbour distance was 485 calculated using custom scripts and the cell pole area density was calculated for each pole. The area 486 of each pole was calculated by adding the diameter of one C-ring (45nm) to the maximum X and Y 487 coordinates of any motor or relic structure and these coordinates were used to calculate the area of 488 an ellipse. To calculate the mean cell pole density, each pole area was divided by the number of 489 structures at that pole. 490
Nutrient depletion assay
491
Cells grown overnight were removed from the supernatant by centrifugation. The supernatant was 492 subsequently filtered using a 0.45µm filter. Plesiomonas cells grown to low OD 600 VdcA were grown with 25µg/ml Kanamycin to OD 600 0.2. Cells were then split in two and either not 521 induced or induced with 2ng/ml Anhydrotetracycline until an OD 600 of 0.4 was reached. Negative 522 stain grids were made prior to and after induction. 523
Bioinformatic analysis for plug candidates 524 Initially, 309 protein sequences were identified from the literature that were upregulated during late 525 early stationary phase in Vibrio parahaemolyticus (Meng et al., 2015) , upregulated in confluent 526 biofilms in Pseudomonas aeruginosa (Waite et al., 2005) , and upregulated quorum sensing regulated 527 transcripts in early stationary phase in Pseudomonas aeruginosa (Wagner et al., 2003) .
From tomography data, it is clear that the plug must be exported into the periplasm, and must 529 therefore contain a signal sequence. The sequences were analysed with SignalP 4.0 (Petersen et al., 530 2011) using the gram negative organism group to predict the probability of a signal sequence being 531 present. We filtered out any sequences without a signal sequence, which was defined as having a S-532 score below the 0.5 threshold along all parts of the sequence. 52 candidates were identified at this 533 stage. 534
A PSI-BLAST (Altschul et al., 1997) search was performed on the 52 sequences across the non-535 redundant protein sequence databases of the Vibrio, Pseudomonas, Plesiomonas and Shewanella 536 genera for which relics have been observed. The default BLOSUM62 matrix with 11 gap penalty and 537 1 gap extension was used as the initial scoring matrix. The maximum target sequences were set to 538 its maximum value of 20,000 to ensure that all possible distant homologues could be identified. 539
From the output, we filtered out any sequences where there was no homologue in any of the genera 540 of significant E-value (0.005). 23 candidates were identified at this stage (Supplementary Table 1 
